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After our first discovery of the multi-band superconductivity (SC) in TlNi2Se2 crystal, we grew
successfully a series of TlNi2Se2−xSx (0.0 ≤ x ≤ 2.0) single crystals. The measurements of resistivity,
specific heat and susceptibility were carried out for them. Superconductivity with TC=2.3K was
first observed in TlNi2S2 crystal, which also appears to involve heavy electrons with an effective
mass m*=13∼25 mb, as inferred from the normal state electronic specific heat and the upper critical
field, HC2(T), respectively. It was found that bulk superconductivity and heavy electron behavior is
preserved in all the TlNi2Se2−xSx samples. In the mixed state, a novel change of the field dependence
of the residual specific heat coefficient, γN (H), occurs in TlNi2Se2−xSx, with increasing of the S
content. We also found that the TC value changes with the disorder degree induced by the partial
substitution of S for Se, characterized by the residual resistivity ratio (RRR). Thus, TlNi2Se2−xSx
system provides a platform to study the effect of disorder on the multi-band superconductivity.
PACS numbers: 74.70.Xa; 74.70.Tx; 74.25.Op; 71.27.+a
The layered compounds with ThCr2Si2-type struc-
ture (space group I4/mmm) exhibit versatile physical
properties, including antiferromagnetic (AFM) ground
state in BaFe2As2 [1], ferromagnetic (FM) order-
ing in (K,Rb)Co2Se2 [2], Fe-based superconductivity
(SC) with TC =30-50K in both (Ba,K)Fe2As2 [3] and
(Tl,K,Rb)FexSe2 systems [4, 5], as well as the heavy
fermion SC in CeCu2Si2 [6]. Especially, SC emerges in
both the Ni-pnictide compounds, such as BaNi2As2 (TC
= 0.7K) [7], SrNi2P2 (TC = 1.4K) [8], in which the elec-
tron effective mass is not enhanced so much, and the Ni-
chalcogenide compounds, such as KNi2Se2 (TC = 0.8K)
[9], KNi2S2 (TC = 0.46K) [10] and TlNi2Se2 (TC = 3.7K)
[11], in which SC appears to involve heavy electrons with
an effective massm∗=14-20me. Due to Ni ions in the Ni-
chalcogenide compounds having a mixed valence Ni1.5+,
it was suggested that the formation of a heavy-fermion
state at low temperatures is driven by the hybridization
of localized charges with conduction electrons, and the
coherent state competes with a charge-fluctuating state
[12]. Thus it rises a question whether the SC close to a
charge-fluctuation state in this system is unconventional
or conventional.
TlNi2S2 crystalizes in a tetragonal ThCr2Si2-type
structure (space group I4/mmm), as the same as that
of TlNi2Se2. It can also be considered as one of a non-
magnetic analogue of Fe-chalcogenide superconductor,
i.e. TlFexSe2 compounds [4, 5], recently discovered by
us, but no superconductivity emerges in TlFexS2 com-
pounds with Fe vacancies. TlNi2S2 compound is also a
Pauli paramagnetic metal, similar to that in TlNi2Se2
compound, reported first by A.R. Newmark [13], who
did not observe any superconducting transition above 2
K. After our discovery of a multi-band SC in TlNi2Se2
crystal, we grew successfully a series of TlNi2Se2−xSx
(0.0 ≤ x ≤2.0) single crystals and rechecked their struc-
ture and physical properties. SC with TC=2.3 K has
been observed in TlNi2S2, and appears also to involve
heavy electrons with an effective mass m∗=14∼20 me,
although its TC is a little lower than that in TlNi2Se2
(TC=3.7 K). With the isovalent substitution of Se by S
in TlNi2Se2−xSx crystals, the evolution of the supercon-
ducting properties were studied systematically. It was
found that bulk superconductivity and heavy electron
behavior preserves in all the TlNi2Se2−xSx compounds,
which was confirmed by the results of resistivity, suscep-
tibility and specific heat, respectively. It was found that,
with increasing the S content x, the magnetic field de-
pendence of the residual specific heat coefficient at T =
0K in the mixed state, γN (H ), changes from a ∝H
0.5 ob-
served in TlNi2Se2, to a linear relation, consistent with
the prediction for a conventional s-wave superconduc-
tor. Another, it was found that the TC value in the
TlNi2Se2−xSx crystals is related to the disorder, char-
acterized by the RRR, which is induced by the partial
substitution of S for Se.
Single crystals of TlNi2Se2−xSx (0.0 ≤ x ≤2.0) were
grown using a self-flux method. A mixture with ratio of
Tl:NiSe:NiS = 1:(2-x):x was placed in an alumina cru-
cible, sealed in an evacuated quartz tube. The mixture
was heated at 950oC for 12h, then slowly cooled to 650oC
at a rate of 6oC/h, followed by furnace cooling. Single
crystals with a typical dimension of 3×3×0.2 mm3 were
mechanically isolated from the flux, as shown in the left
of Fig.1 for TlNi2S2 single crystal. The structure of sin-
gle crystals was characterized by the X-ray diffraction
(XRD). Figure 1 show the XRD pattern at room tem-
perature for TlNi2Se2−xSx (x = 0.0, 1.0 and 2.0) pow-
2FIG. 1: (Color online) X-ray diffraction pattern of powder
obtained by grinding TlNi2Se2−xSx crystals (x=0.0, 1.0 and
2.0). Left inset: Photo of TlNi2S2 crystal; right inset: the S
content, x, dependence of the lattice parameter a and c.
der obtained by grinding pieces of crystals, other crystals
have a similar XRD pattern (does not show here), which
confirm that all the crystals of TlNi2Se2−xSx (0.0 ≤ x
≤ 2.0) have the ThCr2Si2-type structure. With increas-
ing of the S content, x, the lattice parameters, a and
c values decrease monotonously, as shown in the right
inset of Fig.1, which is consistent with that the ionic ra-
dius of S−2 (184 pm) is smaller than that of Se−2 (191
pm), indicating that S−2 can uniformly substitute for
Se−2 in TlNi2Se2−xSx system. The lattice parameters a
= 3.87A˚, c = 13.43A˚ for TlNi2Se2, and a = 3.79A˚, c =
12.77A˚ for the other end member TlNi2S2 and for other
TlNi2Se2−xSx compounds (see the right inset of Fig.1)
were obtained by the fitting of their XRD data. The
measurements of electrical resistivity, and specific heat
were carried out using the Quantum Design PPMS-9.
The dc magnetic susceptibility measurements were done
using Quantum Design MPMS-SQUID.
The physical properties of TlNi2S2 are summarized in
Fig. 2. Both ρab and ρc vs T curves, shown in Fig. 2(a)
and inset (i), display a metallic behavior in the normal
state before dropping abruptly to zero when supercon-
ductivity occurs at TC=2.3 K, which is also confirmed by
a large diamagnetic signal [see the inset (ii) of Fig. 2] and
a specific heat jump at TC as shown in Fig. 2(c). At first,
we discuss the resistivity in the normal state. ρab and ρc
at 300K is of 68 and 92 µΩ·cm, respectively, and ρc/ρab=
1.35, indicating that the anisotropy in TlNi2S2 is rather
small, although the compound has a layer structure. In
the normal state, no abnormal behavior related to struc-
0 100 200 300
0
60
120
180
1.6 2.0 2.4 2.80
5
10
15
1 2 3 4
0
3
6
9
0 1 2
0.0
0.2
0.4
0.6
0 100 200 300
-6
-4
-2
0
2
0 1 2 3 4 5
0
50
100
150
200
0 1 2
0
1
2
3
d
c
b
ab
T (K)
 
 
 (
·c
m
)
c
a(I)
T (K)
 
 
 (
·cm
)
 
 
0.6
0.45
0.3
0.2
0.1
ab
 (
·c
m
)
T (K)
0.0T
 
 
0H
 (T
)
T (K)
 
 
 (1
0-
3  
em
u/
m
ol
)
T (K)
H // ab, 1T
1.8 2.1 2.4 2.7
-0.3
-0.2
-0.1
0.0 (IV)
(III)
(II)
FC
ZFC
 
 
4
 (e
m
u/
cm
-3
)
T (K)
 
0T
 
C
/T
 (m
J·m
ol
-1
·K
-2
)
T (K)
1T
 
 
C
e/
T
T (K)
FIG. 2: (Color online)(a) Temperature dependence of both in
and out-of -plane resistivity, ρab(T) and ρc(T) for TlNi2S2 sin-
gle crystal. (b) Temperature dependence of the normal state
magnetic susceptibility, χ(T), measured at 1 Tesla field par-
allel to ab plane. (c) Specific heat divided by temperature,
C/T vs T, measured under 0 and 1Tesla field. (d) ρab(T)
data measured at different magnetic field near the supercon-
ducting transition. Inset: (i) ρab(T) and ρc(T) near the su-
perconducting transition, (ii) χ(T) near the superconducting
transition, measured at 5 Oe field parallel to ab plane (for
minimizing the demagnetization factor) with both zero-field
cooling (ZFC) and field cooling (FC) processes, (iii) Temper-
ature dependence of zero-field electronic specific heat in the
superconducting state divided by temperature, Ces/T . (iv)
Temperature dependence of upper critical field, HC2(T).
tural or magnetic transition is observed in the resistivity
curves, as it usually happens in the iron-based supercon-
ductors, and the other iso-structural compounds, such
as BaNi2As2 [7] and SrNi2P2 [8]. The temperature de-
pendence of magnetic susceptibility, χ (T), in the normal
state was measured at 1T field, as shown in Fig. 2(b). At
higher temperatures, χ (T) shows almost temperature-
independent Pauli paramagnetic behavior. At lower tem-
peratures, an obvious Curie tail occurs, which may likely
come from the magnetic impurity. The fit by Curie-Weiss
law below 100K yields a temperature independent con-
tribution χ0=5.3×10
−4 emu/mol and Curie constant C
= 0.0063, corresponding to 0.63 mol% of an S = 1 impu-
rity (e.g., Ni2+), indicating the absence of localized mag-
netism in TlNi2S2 crystal, similar to that in TlNi2Se2.
Figure 2(c) shows the temperature dependence of the
specific heat divided by temperature, C(T )/T , mea-
sured at both zero field and 1 Tesla field. At zero
field, C(T )/T curve reveals a clear λ anomaly, indicat-
ing the bulk nature of superconductivity. The normal
state specific heat CN (T) is obtained by applying a mag-
netic field µ0H = 1.0 T. The C/T vs . T
2 curve (not
shown here) shows nonlinear behavior at low tempera-
tures, so we fitted the data using a polynomial expan-
sion C/T = γN + βT
2 + δT4 below 6K. γN = 30.57
3mJ/mol·K2, and β = 1.14 mJ/mol·K4 were obtained,
corresponding to a Debye temperature Θ = 197K. The
value of normal state electronic specific heat coefficient
γN is smaller than that of TlNi2Se2 (∼40mJ/mol·K
2)
and KNi2Se2 (∼44mJ/mol·K
2) superconductors. How-
ever, it is still much larger than that of LaO1−xFxNiAs
(∼7.3mJ/mol·K2) [14] and BaNi2As2 (∼12.3mJ/mol·K
2)
[7]. Assuming 1.5 carriers/Ni and a spherical fermi sur-
face, it yields m∗ ∼ 13me. The zero-field electronic spe-
cific heat in the superconducting state, Ces, was obtained
by subtracting the phonon contribution estimated by the
C(T) measured at 1 T. The inset (iii) in Fig.2 shows the
temperature dependence of Ces/γNT. The specific heat
jump at TC , ∆C/γNTC = 1.55, is slightly larger than
the weak-coupling BCS expectation of 1.43. Then, we
use two different formula, based on the conventional BCS
theory and two-gap model, respectively, to fit the data
of Ces(T) below TC . Though the measured temperature
is not low enough to get the best parameters, it still can
be obtained that the BCS model cannot well described
the Ces(T) data and the two-gap model presents the best
fit (not shown here). The yielded two superconducting
gaps are ∆1/kBTC=0.95 and ∆2/kBTC=1.96, respec-
tively, and the relative weight contributed from the first
gap is about 0.18. This result is very similar with that of
TlNi2Se2, indicating that they may contain the similar
electronic structure [15].
The temperature dependence of upper critical field,
HC2(T), obtained from ρab(T) measurements at vari-
ous magnetic field, is shown in the inset (iv) of Fig.
2. It is found that HC2 can be well described by
the Ginzburg-Landau model, HC2(T) = HC2(0)×(1-
t2)/(1+t2), where t is the reduced temperature T/TC.
Then the zero temperature upper critical field HC2(0) is
estimated to be about 0.53T. The superconducting co-
herence length ξ0 can be estimated to be 24.9 nm from
the relation ξ0=[Φ0/2piHC2]
1/2. Then the Fermi velocity
vF=4.09×10
4 m/s is obtained from ξ0=0.18~vF/kBTC .
Using a spherical Fermi surface approximation, the Fermi
wave vector is given by kF=(3pi
2Z/Ω)1/3, where Z is
the number of electrons per unit cell and Ω is the unit
cell volume. Assuming that Ni contributes 1.5 electrons
(Z=6), we obtain kF=9.89×10
9 m−1. Then m* and γN
can be estimated using the expression m∗=~kF /vF and
γN=pi
2Nk2Bm
∗/~2k2F , which yields m*∼ 25.5 me and γN
∼ 73.3 mJ/mol K2, respectively. The values of m∗ and
γN are comparable to the values estimated from the nor-
mal state specific heat.
The effect of S substitution for Se on superconductiv-
ity were systematically studied for TlNi2Se2−xSx system.
Fig. 3a is the temperature dependence of resistivity for
TlNi2Se2−xSx with x = 0.0, 1.0 and 2.0 as typical ex-
amples. The measurement reveals that all the samples
exhibit metallic behavior at normal state, and undergo
a superconducting transition at low temperatures. The
superconducting transition is confirmed both by resis-
FIG. 3: (Color online) (a) Temperature dependence of resis-
tivity for TlNi2Se2−xSx single crystals. (b) The magnified
view of the ρ(T) near the superconducting transition. (c)
Temperature dependence of susceptibility, χ(T), near the su-
perconducting transition, measured at 5 Oe field with ZFC
process.
tivity and magnetic measurement. The magnified view
of the temperature dependence of resistivity and suscep-
tibility at low temperatures of typical compositions in
the TlNi2Se2−xSx series are summarized in Fig. 3b and
3c, respectively. As shown in the figure, the transition
temperature, yielded from resistivity and susceptibility
analysis, respectively, are consistent with each other.
To get more information about the superconducting
properties, we also carried out specific heat measure-
ment in several typical TlNi2Se2−xSx samples with x =
0.2, 0.8, 1.2, and 2.0. The results are presented in Fig.
4. At zero field, a superconducting transition is clearly
observed at low temperatures for all the samples, indi-
cating the bulk nature of superconductivity. The nor-
mal state specific heat CN (T) was estimated by apply-
ing a 1T magnetic field. In all the samples, no Schottky
anomalies were detected. Using the polynomial expan-
sion C/T = γN + βT
2 + δT4 to fit the data below
6K, we got the normal state parameters γN , β, and δ.
The results are summarized in table I. With increasing
of the S content, x, the electronic specific heat coeffi-
4FIG. 4: Low temperature specific heat divided by tempera-
ture, C/T vs. T, measured at variant magnetic field, for (a)
TlNi2Se1.8S0.2, (b) TlNi2Se1.2S0.8, (c) TlNi2Se0.8S1.2 and (d)
TlNiS2, respectively. To make the figure clear, not all the
datas are presented.
TABLE I: The fitting results of the specific heat for
TlNi2Se2−xSx crystals. (The data for TlNiSe2 comes from
ref. [11])
γ β δ
(mJ/mol·K2) (mJ/mol·K4) (mJ/mol·K6)
TlNiSe2 40 1.65 0.135
TlNi2Se1.8S0.2 35.68 1.32 0.104
TlNi2Se1.2S0.8 31.13 0.744 0.093
TlNi2Se0.8S1.2 29.66 0.511 0.090
TlNiS2 30.57 1.14 0.094
cient γN decreases from 40mJ/mol·K
2 in TlNi2Se2 to
∼35.6mJ/mol·K2 in the sample with x = 0.2, and fur-
ther goes to ∼30mJ/mol·K2 in the samples with x = 0.8,
1.2 and 2.0. However, they are still much larger than
that of the other nickel-based superconductors, indicat-
ing that the heavy electron property preserves in all the
TlNi2Se2−xSx samples. Here, we also carried out the fit-
ting using the two-gap model for the Ces(T) data, which
can be yielded by subtracting the phonon contribution
estimated by the C(T) measured at 1 T. However, the
fitting results are not good, since the measured temper-
ature is not low enough.
In our previous article [11], we reported a H1/2 re-
lation for the magnetic field dependence of the residual
specific heat coefficient γN at T=0K in the mixed state in
TlNi2Se2, which is usually considered as a common fea-
ture of the d-wave superconductors. To figure out how
the sulfur doping affects the behavior, we measured the
specific heat of TlNi2Se2−xSx at various magnetic field.
The results are shown in Fig. 4. With increasing of field,
the superconducting transition is suppressed. Using the
method described in ref. [11], we got the residual spe-
cific heat coefficient γN in the mixed state. The field
dependence of γN for TlNi2Se2−xSx with x = 0.0, 0.2,
FIG. 5: Magnetic field µ0H dependence of electronic specific
heat coefficient γ0 in the mixed state for TlNi2Se2−xSx with
x=0.0, 0.2, 0.8, 1.2 and 2.0, respectively.
0.8, 1.2 and 2.0 are plotted in Fig. 5. From the spe-
cific heat data, the γN for TlNi2Se2 exhibits a convex
variation with field (proportional to H1/2). With the
S starting to substitute Se, i.e., for TlNi2Se1.8S0.2, the
γN -H curve becomes not so convex. Then, with further
increasing of the S content, i.e., for TlNi2Se2−xSx with x
= 0.8, 1.2 and 2.0, the γN even exhibits a linear behav-
ior, which is consistent with that of conventional s-wave
superconductors. The variation of the γN -H curves is
very interesting and exotic, since both the TlNi2Se2 and
TlNi2S2 exhibit the similar physical properties in the nor-
mal state. In authors’ view [11], a convex behavior for
the field dependence of γN may related to the strength
of the vortex-vortex interactions in the mixed state [16],
and not be responding to the exotic pairing state. Be-
sides, such behavior has also been detected in some iron-
based superconductors [17–19]. Bang [20] has proposed
that this phenomena can be resulted by the variation
of the superconducting gap size ratio, ∆1/∆2, and is a
generic feature of the multi-band superconductors. How-
ever, further investigations, like STM and ARPES, are
needed to determine the superconducting order param-
eter symmetry. Recently, low-temperature thermal con-
ductivity measurements revealed the multiple nodeless
superconducting gaps in TlNi2Se2 compound [21], which
is consistent with our opinion. From this point view, the
superconducting properties in TlNi2Se2 and TlNi2S2 may
not differ with each other so much.
To clarify the superconducting properties, the critical
temperature TC were depicted in Fig. 6 as a function
of S content x. The critical temperature is determined
by resistivity, susceptibility, and specific heat measure-
ment, respectively. A very small difference is detected
for these values, which may contributed to the inhomo-
geneous of the samples. Here we use the TC value yielded
from ρ(T) to keep consistent. For the undoped sample,
i.e. TlNi2Se2, the TC is 3.7K, much higher than that
of KNi2Se2 (∼0.8K) and KNi2S2 (∼0.4K). With the in-
5FIG. 6: (Color online) The critical temperature TC and the
residual resistivity ratio (RRR) as a function of S content x
in TlNi2Se2−xSx.
crease of S content x, the TC declines to be about 2K
for x = 0.6, and changes a little for the samples with 0.6
≤ x ≤ 1.6. With the S content x further increasing, the
TC has a little increase and achieves to be ∼2.25K for
the end member TlNi2S2.
In TlNi2Se2−xSx system, the partially substitution of
Selenium with Sulfur doesn’t introduce additional elec-
trons or holes. From the structural point view, the S
substitution effect is equivalent to apply a hydrostatic
pressure. Usually, it has a prominent effect on the super-
conducting transition temperature. So the change of the
critical temperature TC with the S content x is somehow
beyond our expectation. To understand the S substitu-
tion effect on the superconducting properties, we reex-
amined the transport properties of TlNi2Se2−xSx. For
the undoped sample TlNi2Se2, the residual resistivity ra-
tio (RRR), which is defined as ρ300K/ρ4K , is calculated
to be about 100. For the doped samples, though the
value of resistivity changes slightly with the varying of S
content x at room temperature (T=300K), the value of
resistivity at low temperatures is about one order magni-
tude larger than that of TlNi2Se2, resulting much smaller
RRR values. Especially for TlNi2SeS, where half Se sites
are replaced by S, the temperature dependence of resis-
tivity exhibits a more localized behavior at normal state.
We suggest that this pronounced phenomena may be con-
tributed to the disorder introduced by S substitution in
TlNi2Se2−xSx series. To investigate the relationship be-
tween the critical temperature TC and the disorder ef-
fect, we depict the RRR value as a function of S content
x in the Fig.6. As shown in the figure, TlNi2Se2 shows
the largest RRR value. With the increase of S content
x, the RRR value decreases drastically, and achieves the
smallest value (∼4.1) for the sample with x = 1.0. With
S content further increasing, the RRR value increases
slightly, and achieves 8.3 for TlNi2S2. The variation of
the RRR value is similar with that of TC as discussed
before, suggesting that the disorder effect is playing an
important role in the superconducting transition temper-
ature in this system.
In the end, we synthesized successfully a series of
TlNi2Se2−xSx (0.0 ≤ x ≤ 2.0) single crystals. The su-
perconductivity with TC∼ 2.3K was first detected in
TlNi2S2 crystal, which appears to involve heavy electrons
with an effective mass m*=13∼25 me. With the S substi-
tution, the superconductivity and heavy electron behav-
ior was preserved in all the TlNi2Se2−xSx samples. How-
ever, in the mixed state, a novel change of the field de-
pendence of the residual specific heat coefficient, γN(H),
occurs in TlNi2Se2−xSx, with increasing of the S con-
tent, x. On the other hand, it was found that the TC
value in the TlNi2Se2−xSx crystals is related to the dis-
order, characterized by the RRR, which is induced by
the partial substitution of S for Se. We suggest that
TlNi2Se2−xSx system provides an example to study the
effect of disorder on the multi-band superconductivity.
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